RhoG is a member of the Rho family of GTPases that shares 72% and 62% sequence identity with Rac1 and Cdc42Hs, respectively. We have expressed mutant RhoG proteins fused to the green fluorescent protein and analyzed subsequent changes in cell surface morphology and modifications of cytoskeletal structures. In rat and mouse fibroblasts, green fluorescent protein chimera and endogenous RhoG proteins colocalize according to a tubular cytoplasmic pattern, with perinuclear accumulation and local concentration at the plasma membrane. Constitutively active RhoG proteins produce morphological and cytoskeletal changes similar to those elicited by a simultaneous activation of Rac1 and Cdc42Hs, i.e., the formation of ruffles, lamellipodia, filopodia, and partial loss of stress fibers. In addition, RhoG and Cdc42Hs promote the formation of microvilli at the cell apical membrane. RhoG-dependent events are not mediated through a direct interaction with Rac1 and Cdc42Hs targets such as PAK-1, POR1, or WASP proteins but require endogenous Rac1 and Cdc42Hs activities: coexpression of a dominant negative Rac1 impairs membrane ruffling and lamellipodia but not filopodia or microvilli formation. Conversely, coexpression of a dominant negative Cdc42Hs only blocks microvilli and filopodia, but not membrane ruffling and lamellipodia. Microtubule depolymerization upon nocodazole treatment leads to a loss of RhoG protein from the cell periphery associated with a reversal of the RhoG phenotype, whereas PDGF or bradykinin stimulation of nocodazole-treated cells could still promote Rac1-and Cdc42Hs-dependent cytoskeletal reorganization. Therefore, our data demonstrate that RhoG controls a pathway that requires the microtubule network and activates Rac1 and Cdc42Hs independently of their growth factor signaling pathways.
INTRODUCTION
The Rho family of Ras-like GTPases includes Rac (1, 2, and 3), RhoG, Cdc42Hs, TC10, TTF/RhoH, Rho (A, B, and C), RhoD, RhoE, and RhoL. Like other Ras-related proteins, most of the Rho GTPases adopt either active GTP-bound or inactive GDP-bound conformational states. Specific substitutions based on Ras studies result in the expression of proteins which are either in a constitutively active GTP-bound (e.g., G12V) or dominant negative GDP-bound (e.g., T17N) conformations. By using such mutant proteins, Rho members have been implicated in many physiological processes such as the control of cell shape (Tapon and Hall, 1997) , cell motility (Aepfelbacher et al., 1994 (Aepfelbacher et al., , 1996 , cell polarity (Adams et al., 1990) , smooth muscle contraction (Hirata et al., 1992) , cell adhesion (Nobes and Hall, 1995; Braga et al., 1997) , and cell division (Dutartre et al., 1996) . All of these events involve morphological changes associated with actin polymerization. In fibroblasts, lysophosphatidic acid-stimulated stress fiber formation requires RhoA Hall, 1992, 1994) . EGF-, PDGF-, and insulin-dependent actin polymerization in membrane structures such as ruffles and lamellipodia requires Rac1 Nobes and Hall, 1995) , whereas bradykinin-stimulated filopodia formation requires Cdc42Hs (Kozma et al., 1995; Nobes and Hall, 1995) . Recent reports have provided evidence that Rho proteins might also link the reorganization of actin cytoskeleton and vesicular transport between organelles: expression of active RhoD modifies early endosome dynamics and distribution, but also activates the formation of filopodiallike structures at the cell periphery and causes a loss of stress fibers and the disassembly of focal adhesion complexes (Murphy et al., 1996) , whereas Rac1 and RhoA control transferrin receptor-mediated endocytosis through the regulation of clathrin-coated vesicle formation (Lamaze et al., 1996) .
In addition to their role in cell morphology, Rho proteins are involved in normal and pathological cell proliferation. Constitutively active RhoA, Rac1, or Cdc42Hs triggers entry of quiescent fibroblasts into S phase (Olson et al., 1995; Hirai et al., 1997) and promote the activation of the serum response factor, a transcription factor that regulates the expression of many growth factor-regulated genes (Hill et al., 1995) . Rho members are also involved in Ras-mediated transformation (Khosravi-Far et al., 1995 , 1996 Qiu et al., 1995a Qiu et al., ,b, 1997 Roux et al., 1997) and delineate distinct pathways that cooperate to transform NIH 3T3 cells (Roux et al., 1997) . Furthermore, Rac1 activation has been shown to play a role in metastasis (Habets et al., 1994; Michiels et al., 1995) . Several Rho proteins have been implicated in programmed cell death: RhoA promotes cell apoptosis of NIH 3T3 cells through ceramide production Jimenez et al., 1995) , and activity of RhoA, Rac1, and Cdc42Hs proteins is required for Fas ligand-mediated apoptosis in T cells (Gulbins et al., 1996; Moorman et al., 1996; Brenner et al., 1997) . The role of Rho proteins in the apoptotic process might be linked to the activation of stress kinase pathways [including c-jun N-terminal or stress-activated protein kinase and RK/p38 kinases] (Coso et al., 1995; Minden et al., 1995; Teramoto et al., 1996; Roux et al., 1997) .
Although the Rho members characterized thus far control specific aspects of the cellular metabolism, in some instances, activation of distinct Rho members leads to similar phenotypes. This might result from activation of common downstream effector proteins such as the p21-activated kinase p65 PAK or the WASP, which both bind Rac1 and Cdc42Hs (Manser et al., 1994; Martin et al., 1995; Aspenstrom et al., 1996; Kolluri et al., 1996; Lim et al., 1996; Symons et al., 1996) . Similarly, PRK2 and citron have both been reported to bind Rac1 and RhoA (Madaule et al., 1995; Vincent and Settleman, 1997) , whereas p160 ROCK interacts with Cdc42Hs and RhoA (Fujisawa et al., 1996; Ishizaki et al., 1996; Leung et al., 1996) . Alternatively, Rho GTPases might produce similar phenotypes through coordinated regulation of a cascade of activations. Sequential formation of polymerized actin structures has been described in microinjected serum-starved Swiss 3T3 cells, indicating that activation of Cdc42Hs activates Rac1, which in turn activates RhoA Nobes and Hall, 1995; Tapon and Hall, 1997) . However, in other cell lines and under different physiological conditions, Cdc42Hs and Rac1 compete or even antagonize RhoA-mediated activities Leeuwen et al., 1997) .
RhoG protein shares 72% and 62% sequence identity with Rac1 and Cdc42Hs, respectively, and was first characterized as expressed from a growth-stimulated gene (Vincent et al., 1992; Le Gallic and Fort, 1997) . We recently reported that RhoG might share similar properties with Rac1 in the control of cell contact inhibition and transformation (Roux et al., 1997) . To address the functional relationships between RhoG and the other Rho members, we analyzed changes in cell morphology, polymerized actin structures, and membrane surface organization in RhoG-expressing rodent cells using confocal and scanning electron microscopy. Here, we show that expression of active RhoG elicited both Rac1-and Cdc42Hs-like events, including the formation of membrane ruffles, lamellipodia, filopodia, and microvilli. These effects were not mediated through a direct interaction with Rac1 or Cdc42Hs target proteins, but rather required the activity of endogenous Rac1 and Cdc42Hs. The RhoG-induced phenotype was specifically inhibited upon microtubule depolymerization, whereas under these conditions, Rac1-and Cdc42Hs-dependent cytoskeletal reorganization could still be stimulated by PDGF and bradykinin.
MATERIALS AND METHODS

DNA Constructs
Chimeras between enhanced green fluorescent protein (GFP) and RhoG were obtained by insertion of the RhoG G12V and T17N mutant ORFs (Roux et al., 1997) in pEGFP-C1 (Clontech, Palo Alto, CA). Hemagglutinin (HA)-epitope-tagged RhoG, Rac1, and Cdc42Hs ORFs inserts were transferred into the pLXSN retroviral vector for infection. Constructs expressing MYC epitope-tagged mutant Rac1 and Cdc42Hs proteins (Dutartre et al., 1996) were kindly provided by P. Chavrier.
Two-Hybrid Interaction
ORFs encoding constitutively active RhoG, Rac1, and Cdc42Hs and RhoA GTPases were subcloned in pBTM116 and used to transform the yeast L40 strain (MATa trp1 leu2 his3 lys2::lexA-his3 ura3::lexA-LacZ). PAK-1 and POR1 ORFs were obtained by PCR amplification and subcloned in pGAD1318. The WASP insert (encoding aa 201-321) was swapped from pGexKG to pGAD1318. pGAD1318-Kinectin (clone 66, encoding aa 677-913) was isolated from an interaction screen with RhoG. pGexK-WASP and pActII-ROCK (encoding aa 888-1030) were kindly provided by A. Hall. L40 and AMR70 strains were mated and diploids were selected on drop-out medium lacking leucine and tryptophane. Diploids were C. Gauthier-Rouvière et al.
patched on Whatmann filters and processed for ␤-galactosidase activity as described (Chardin et al., 1993) .
Cell Culture, Transfection, and Microinjection
Rat embryo fibroblasts or mouse Swiss 3T3 fibroblasts were cultured at 37°C in the presence of 5% CO 2 in DMEM supplemented with 10% FCS. Cells were plated on 18-mm diameter glass coverslips 16 -24 h before transfection or microinjection. Cells were transfected using the lipofectamine method (0.5-1 g of plasmid DNA per well containing three glass coverslips), as described by the supplier (Life Technologies, Gaithersburg. MD). Four hours after the transfection, the medium was replaced by plain DMEM or supplemented with 10% FCS. Expressing cells were observed under immunofluorescence microscopy 8 -24 h after transfection. Alternately, plasmid DNA (0.1 mg.ml
Ϫ1
) was microinjected into the cell nucleus. At various times after microinjection, cells were fixed and processed for immunohistochemistry.
Subcellular Fractionation, Protein Separation, and Immunoblotting
Transiently transfected Cos 7 cells were washed twice with PBS and then lysed in cold hypotonic buffer containing 10 mM Tris-HCl (pH 7.5), 5 mM MgCl 2 , 1 mM DTT, and 1 mM PMSF. Cells were lysed by quick freezing in liquid nitrogen and rapid thawing at 65°C. Under these conditions, Ͼ95% of cells were lysed, as monitored by microscopy. Cell extracts were centrifuged (600 ϫ g for 5 min at 4°C) to pellet nuclei and nuclei-associated structures (P1). Supernatants were ultracentrifuged (100,000 ϫ g for 45 min) to separate free cytoplasmic membranes (P100) and cytosolic proteins (S100). Samples were fractionated on a 15% SDS-polyacrylamide gel and electrotransferred to nitrocellulose membranes as described by the supplier (Millipore, Bedford, MA). Membranes were blocked in PBS containing 8% (wt/vol) powdered milk, followed by incubation with 12CA5 hybridoma culture supernatant and horseradish peroxidase-conjugated sheep anti-mouse antibodies (1:2000 dilution, Amersham, Arlington Heights, IL). Signals were revealed using a chemiluminescent reagent (New England Nuclear, Boston, MA).
Infection Procedures
G418-resistant GPϩE-86 clones expressing constitutively activated or dominant negative forms of RhoG, Rac1, or Cdc42Hs were grown to collect retrovirus-containing cell-free supernatants (Roux et al., 1997) . Infection in the absence of selection was performed on exponentially growing or Swiss 3T3 cells (seeded at 5 ϫ 10 5 cells per 60-mm diameter plate) using 5 ml of viral supernatant (10 5 to 5 ϫ 10 5 colony forming units per ml). A first round of infection was performed directly during cell recovery after trypsinization, followed by a second round 16 -24 h later. Cells were incubated for 20 h and then processed for scanning electron microscopy (SEM). Alternatively, infected cells were grown to confluence and then split and seeded into selective medium (1 mg ⅐ ml Ϫ1 G418). After 10 d of selection, resistant colonies were collected, tested by indirect immunofluorescence using the anti-MYC mAb (clone 9E10) and processed for SEM. For double infection experiments, stable transformants were transiently infected as described above and processed for SEM.
Immunofluorescence
At different times after microinjection or transfection, cells were fixed for 5 min in 3.7% formalin (in PBS) followed by a 2-min permeabilization with 0.1% Triton X-100 (in PBS) and incubation in PBS containing 0.1% BSA. Alternatively, cells were fixed for 20 min in a microtubule-protecting buffer containing 3% formalin, 0.05% glutaraldehyde, 0.05% Triton X-100 in 60 mM piperazine-N,NЈ-bis(2-ethanesulfonic acid), 25 mM HEPES (pH 6.9), 10 mM EGTA, and 10 mM MgCl 2 followed by a 2-min permeabilization with 0.2% Triton X-100 in 50 mM Tris-HCl (pH 7.5) and 150 mM NaCl. Expression of GFP-tagged proteins was directly visualized, whereas expression of MYC epitope-tagged proteins was visualized after a 60-min incubation with the 9E10 anti-MYC mAb (gift from C. Lambert and D. Mathieu, Montpellier, France) (1:2 dilution in PBS/ BSA), followed by incubation with affinity-purified fluorescein-conjugated goat anti-mouse antibody (Cappel-Organon Technika, Fresnes, France) (1:40 dilution). Cells were simultaneously stained for F-actin, phospho-tyrosine epitopes, and RhoG using rhodamineconjugated phalloidin (0.5 U ⅐ ml Ϫ1 , Molecular Probes, Eugene, OR), the 4G10 mAb (a gift from M. Martin and P. Mangeat, Montpellier, France) , and a rat antiserum raised against RhoG protein purified from baculovirus-infected Sf9 cells (batch R2), respectively. For simultaneous detection of GFP-tagged proteins, MYC-tagged proteins, and F-actin, anti-MYC 9E10 staining was detected at a 445-nm wavelength using 7-amino-4-methylcoumarin-3-acetic acid-conjugated donkey anti-mouse IgG (1:50 dilution, Jackson ImmunoResearch Labs, West Grove, PA). Cells were washed in PBS, mounted in Mowviol (Aldrich, Milwaukee, WI) and observed under a laser scanning confocal microscope (MRC-1024, Bio-Rad Laboratories, Richmond, CA) or a DMR Leica microscope using a 63ϫ planapochromat lens. For all experiments, at least 100 transfected cells were examined. Images were recorded using a kappa camera, transferred to Adobe Photoshop, assembled in Canvas, and printed out on a Kodak ColorEase thermal sublimation printer.
Confocal Laser Scanning Microscopy
Dual-channel confocal laser scanning microscopy was performed using the Bio-Rad MRC 1024 confocal laser scanning microscope equipped with an argon/krypton ion laser. For all experiments, at least 100 transfected cells were examined. Images were collected sequentially to avoid cross-contamination between the fluorochromes. Series of optical sections through the cell were collected and projected onto a single image plane. Images were processed as described above.
SEM
Transiently or stably infected or Swiss 3T3 cells were grown on glass coverslips and then fixed in 0.1 M sodium cacodylate (pH 7.2) containing 2% glutaraldehyde and 0.1 M sucrose for at least 1 h and processed as described (Brunk et al., 1981) . Samples were observed using a Hitachi S4000 scanning microscope at 15 kV. For all experiments, at least 50 cells were examined. Images were processed as described above.
RESULTS
Localization of Endogenous and Chimeric GFP RhoG Proteins
GFP-RhoG fusion proteins were constructed in the mammalian expression vector pEGFP-C1, fusing the enhanced GFP coding sequence upstream of mutant RhoG ORFs. Two mutant RhoG proteins were expressed: one carrying the G12V substitution, leading to a constitutively active protein, and the other one carrying the T17N substitution, acting as an inhibitor of the endogenous protein (Roux et al., 1997) . To assess the level of expression and subcellular distribution of the chimeras, REF-52 cells were transfected with GFPRhoGV12 or GFP-RhoGN17, and fixed cells were observed using fluorescence microscopy ( Figure 1A ). In all transfected cells, the GFP-RhoGV12 fusion protein exhibited a punctuated distribution throughout the cytoplasm, with a marked concentration in the perinuclear region (panel a) and a minor fraction at the plasma membrane. As a control, GFP protein expressed from pEGFP-C1 showed a diffuse cytoplasmic staining. Immunodetection of RhoG protein was also performed using a rat polyclonal antibody raised against a recombinant RhoG protein produced from baculovirus infected-Sf9 cells (see MATERIALS AND METHODS). As observed in panel b, the distribution of endogenous RhoG protein showed a staining very similar to the GFP fluorescence observed with the chimeric RhoG protein (panel a). This colocalization was further investigated using a microtubule-protecting fixation buffer instead of formalin (panels c and d). Under these conditions, both endogenous RhoG and the chimeric RhoG protein exhibited an overall distribution similar to that shown in panels a and b, with the perinuclear staining appearing as well-defined short tubular structures, reminiscent of endoplasmic reticulum staining. In contrast, the GFP-RhoGN17 chimera exhibited a different distribution characterized by larger dots concentrated at the perinuclear region, suggesting that only the GTP-bound RhoGV12 protein could distribute to the plasma membrane and throughout the cytoplasm (panel e). Interestingly, the distribution of the endogenous RhoG protein was modified in RhoGN17-expressing cells and colocalized with the GFP chimera (panel f), strongly suggesting that the N17 protein impairs the activity of the endogenous protein. Further analysis of the compartimentalization of RhoGV12 and RhoGN17 proteins (panels e and f) proteins. Cells were fixed 18 h after transfection in 3.7% formalin (panels a, b, e, and f) or in a microtubule-protecting buffer (panels c and d). Cells were monitored for GFP fluorescence (panels a, c, and e) and endogenous RhoG distribution using a rat polyclonal antibody (panels b, d, and f). Bar, 10 m. For each panel, cells shown are representative of more than 100 observed cells. (B) Cos7 cells were transfected with constructs expressing HA epitope-tagged RhoGV12 or RhoGN17 proteins. Cells were lysed in the absence of detergent, and nuclei and associated membranes were pelleted at low-speed centrifugation (lanes 1). The supernatant was then submitted to ultracentrifugation, resulting in the isolation of P100 plasma membranes (lanes 2) and S100 cytosolic extracts (lanes 3). Proteins from each fraction, corresponding to identical cell number, were analyzed by Western blotting and revealed with the anti-HA 12CA5 antibody.
was performed in Cos7 cells transfected with constructs expressing HA epitope-tagged proteins. Cells were lysed in the absence of detergent, and cell extracts were fractionated by differential centrifugation, resulting in the separation of nuclei and associated membranes, plasma membranes, and cytosol ( Figure  1B) . Western blot analysis showed that both mutated proteins were found predominantly associated with nuclei-bound membranes (lanes 1), a minor fraction of RhoGV12, but not RhoGN17, cofractionated with the plasma membranes (lanes 2). No protein could be detected in the cytosolic fraction (lanes 3). These data were consistent with the fluorescence observations.
RhoGV12 Induces the Formation of Ruffles, Lamellipodia, Microvilli, and Filopodia Followed by Partial Disassembly of Actin Stress Fibers
To examine the overall effect of RhoG activation, plasmid DNA encoding GFP-RhoGV12 was microinjected into the nucleus of quiescent or exponentially growing REF-52 fibroblasts, and modifications in polymerized actin-containing structures were examined by staining with rhodamine-labeled phalloidin (Figure 2A ). Six hours after microinjection, GFP-RhoGV12 protein was detected throughout the cytoplasm, with intense staining at the cell periphery and onto the dorsal membrane (panel a). F-actin costaining (panel b) showed that GFP-RhoGV12 colocalized with ruffles and lamellipodia (arrowed as R and L). Eight to 12 h after microinjection, GFP fluorescence was found mainly around the nucleus and at the cell periphery (panels c and e). F-actin costaining (panels d and f) still revealed peripheral lamellipodia and a reduced number of ruffles (arrowed as R and L) as well as the emission of small radial protrusions (open arrows). Protrusions and retraction fibers were discriminated using timelapse microscopy. Concomitantly with the appearance of the membrane structures, actin stress fibers were progressively reduced (panels b-f) and were no longer detectable by 14 h after microinjection in 50 -70% of the expressing cells (panels f and h). Cells exhibited an altered morphology, with a retracted cell body and large protrusions ending with lamellipodial-and filopodial-like structures. This phenotypic change was accompanied by the formation of focal complexes at the cell periphery, as revealed by anti-phospho-tyrosine staining ( Figure 2B, panel b) , whereas control cells exhibited focal adhesions which appeared as larger patches distributed on the basal membrane (panel c). Similar redistribution of focal adhesions has been previously reported upon expression of activated Rac1V12 protein (Nobes et al., 1995) .
The effects of RhoG were also examined in Swiss 3T3 cells, which have been extensively used to study the actin filament network ( Figure 2C ). Because these cells are not suitable for nuclear microinjection, GFP-RhoGV12 expression was achieved by DNA transfection. As in REF-52 cells, GFP-RhoGV12 exhibited a distribution throughout the cytoplasm with local accumulation around the nucleus and in actin-containing structures (panels a and c). Eighteen hours after transfection (panels c and d), cells exhibited changes in their morphology similar to those observed in panel g of Figure 2A , with a retraction of the cell body and extrusion of long cytoplasmic extensions, containing both central and distal protrusions and lamellipodia. Expression of GFP protein alone had no effect on actin filament structure or cell shape.
RhoGV12 Induces Changes in Polymerized Actin Structures and Cell Morphology Similar to Those Mediated by Rac1 and Cdc42Hs
In fibroblastic cells, Rac1 mediates local actin polymerization leading to the formation of ruffles and lamellipodia , whereas Cdc42Hs induces the formation of peripheral-actin microspikes, filopodia, and reduction in the number of stress fibers (Kozma et al., 1995; Nobes and Hall, 1995) . Since the overall effects of GFP-RhoGV12 expression appeared similar to those induced by Rac1 and Cdc42Hs, we more precisely compared the modifications in actin and plasma membrane structures resulting from the introduction of each constitutively active GTPase using rhodamine-labeled phalloidin staining and scanning electron microscopy, respectively. GFPRhoGV12, MYC-Rac1V12, or MYC-Cdc42HsV12 proteins were expressed by transfection of Swiss 3T3 cells, and cells were fixed 18 h later (Figure 3) . Although the overall cellular morphology of RhoGV12-expressing cells appeared very similar to the one obtained after Rac1V12 expression (compare panels a and b, and panels c and d), additional radial extensions containing F-Actin were detected in RhoGV12-cells (panels a and b). Cdc42HsV12-expressing cells produced similar extensions around their periphery (panels e and f), but exhibited a more regular rounded shape. In addition, 60% of Rac1V12-and Cdc42HsV12-expressing cells showed disassembly of actin stress fibers. These data indicate that RhoGV12 and Rac1V12 promote similar cell shape reorganization and formation of F-actin-containing structures and also show partial overlapping effects of RhoGV12 and Cdc42HsV12.
We further analyzed structural changes on cell dorsal membranes using SEM. Because SEM cannot discriminate between transfected and nontransfected cells, and Swiss 3T3 fibroblastic cells were retrovirally infected instead of transfected to allow ectopic expression in more than 90% of the cells, as monitored by immunocytochemistry. After fixation and processing for SEM, cells were analyzed on a Hitachi S4000 scanning microscope (Figure 4 ). Exponentially growing control cells (i.e., noninfected cells or cells infected with wild-type virions) presented a smooth dorsal membrane and low activity at the edge of the cell (panels a). Expression of Rac1V12 induced the formation of large lamellipodia at the cell periphery, whereas the dorsal membrane maintained a smooth appearance (panels b). Expression of Cdc42HsV12 promoted the formation of filopodial extensions (panels c) and elicited a high density of microvilli on the cell surface (shown at higher magnification in the insert of panel c for REF-52 fibroblasts). Expression of RhoGV12 led to a mixed phenotype, consisting of large lamellipodia and filopodia (panels d) and a high density of microvilli (shown at higher magnification in the insert of panel d for REF-52 fibroblasts). Similar microvilli were recently reported to occur in RhoA-expressing cells (Shaw et al., 1998) . Taken together, these data indicate that RhoGV12 promotes actin reorganization and morphological modifications similar to those elicited by the combination of Rac1V12 and Cdc42HsV12.
RhoGV12-dependent Cytoskeletal Reorganization Is Mediated through Endogenous Rac1 and Cdc42Hs Activity
To address the functional relationship among RhoG, Rac1, and Cdc42Hs, we first examined whether RhoG might produce its structural effects by a direct activation of the downstream target proteins of Rac1 and Cdc42Hs. We used the yeast two-hybrid interaction assay to test the ability of RhoGV12 to bind p65 PAK-1, a kinase activated by Rac1 and Cdc42Hs (Manser et al., 1994) ; POR-1, a potential effector of Rac1 involved in membrane ruffling Van Aelst et al., 1996) ; WASP, a Cdc42Hs target whose inactivation leads to dysregulated membrane structures associated with the WASP (Symons et al., 1996) ; and p160 ROCK , a RhoA-interacting kinase that controls the formation of stress fibers. As a positive control, we used kinectin, a kinesin receptor anchored in intracytoplasmic membranes, which had been isolated from a yeast interaction trap with activated RhoAV14 (Hotta et al., 1996) and RhoGV12 (our unpublished data). Diploid yeast strains expressing each pair of hybrid proteins were processed for ␤-galactosidase activity ( Figure 5 ). Strains expressing RhoGV12 fusion did not reveal any interaction with full-length PAK-1 and POR1 nor with the interacting regions of WASP (aa 201-321) or p160 ROCK (aa 888-1030), whereas an interaction with kinectin (aa 677-913) was readily detected. The expected control pattern was observed, with Rac1V12 interacting with PAK-1, POR1, and kinectin, Cdc42HsV12 binding to POR1 and WASP, and RhoAV14 associating with p160 ROCK and kinectin. These data suggest that the morphological effects mediated by RhoGV12 were not due to direct interactions with targets of Rho 
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We next examined whether RhoGV12 might require endogenous Rac1 and Cdc42Hs activity to produce rearrangements in polymerized actin and cell morphology. For this purpose, we coexpressed RhoGV12 in Swiss 3T3 cells with dominant negative forms of either Rac1 (Rac1N17) or Cdc42Hs (Cdc42HsN17). Effects on F-actin distribution and cell morphology were monitored by immunocytochemistry using rhodamine-labeled phalloidin and SEM. A third emission wavelength at 445 nm was used to detect MYC-Rac1N17 or MYC-Cdc42HsN17 protein expression simultaneously with F-actin and GFP-RhoGV12 expression (Figure 6 ). Coexpression of GFP-RhoGV12 (panel a) and MYC-Rac1N17 (panel b) inhibited the emergence of lamellipodia and ruffles (compare with Figures 1 and 2) , whereas the formation of filopodial extensions was still observed (panel c). Conversely, coexpression of MYCCdc42HsN17 (panel e) with GFP-RhoGV12 (panel d) prevented the formation of large protrusions and filopodia, but did not impair the formation of lamellipodia (panel f). Expression of either Rac1N17 (panel g) or Cdc42HsN17 (panel i) alone had no effect on cell morphology or actin distribution (panels h and j). Furthermore, coexpression of RhoGN17 did not impair Rac1V12-dependent lamellipodia nor Cdc42HsV12-dependent filopodia formation (our unpublished results). Similar results were observed in REF-52 cells.
We next examined the effects of Rac1N17 and Cdc42HsN17 expression on RhoGV12-dependent membrane reorganization using SEM (Figure 7 ). RhoGV12-expressing REF-52 cells were infected with retroviruses harboring either Rac1N17 or Cdc42HsN17. RhoGV12 expression alone (panel a) induced the formation of lamellipodia and filopodia at the cell periphery and the formation of microvilli onto the dorsal membrane. Coexpression of RhoGV12 with Rac1N17 (panel b) led to a dramatic reduction of lamellipodia, whereas no change in filopodia or microvilli was detected. In contrast, coexpression of RhoGV12 with Cdc42HsN17 (panel c) induced a complete loss of filopodia and a large decrease in microvilli, whereas lamellipodia were still present at the cell periphery.
Taken together, these data indicate that the effects elicited by RhoGV12 require endogenous Rac1 activity for the formation of lamellipodia and Cdc42Hs activity for the formation of filopodia and microvilli but do not specifically act on the downstream targets of these two GTPases.
RhoG Activity Is Not Required for PDGF-and Bradykinin-dependent Rac1 and Cdc42Hs Activation
Growth factors such as EGF, PDGF, and insulin have previously been reported to trigger Rac1-dependent Figure 6 . Effects of Rac1 and Cdc42Hs inhibition on RhoG-dependent actin reorganization. Swiss 3T3 cells were cotransfected with constructs expressing GFP-RhoGV12 and MYC epitope-tagged Rac1N17 (panels a-c) or Cdc42N17 proteins (panels d-f). As a control, cells were transfected only with constructs expressing MYC epitope-tagged Rac1N17 (panels g and h) or Cdc42HsN17 (panels i and j) proteins. Cells were fixed 18 h after transfection and incubated with the anti-MYC 9E10 mAb and rhodamine-labeled phalloidin. Cells were monitored for GFP expression (panels a and d), MYC-epitope detection (panels b, e, g, and i), and F-actin distribution (panels c, f, h, and j). Bar, 10 m. For each panel, cells shown are representative of more than 100 observed cells.
ruffling and lamellipodia formation , whereas stimulation with bradykinin has been shown to promote the formation of Cdc42Hs-dependent filopodia (Kozma et al., 1995) . Since our preceding results strongly suggested that RhoG protein might activate Rac1-and Cdc42Hs-dependent pathways, we examined the possibility that RhoG might mediate the extracellular ligand signaling pathways leading to Rac1 and Cdc42Hs activation (Figure 8 ). Swiss 3T3 cells expressing RhoGN17 were serum starved for 24 h and stimulated with 3 ng ⅐ ml Ϫ1 PDGF or 100 ng ⅐ ml Ϫ1 bradykinin for 10 min. Cells were then fixed and stained for protein expression and for F-actin distribution. In PDGF-stimulated cells (panel a), expression of RhoGN17 did not prevent the formation of ruffles and lamellipodia (panel b), whereas both structures were abolished upon Rac1N17 expression. Similarly, in bradykinin-treated 
Microtubule Depolymerization Inhibits RhoG but not Rac1 and Cdc42Hs Activities
As observed in Figure 1A , RhoG protein is distributed within the cytoplasm according to a pattern reminiscent of endoplasmic reticulum membranes, suggesting that RhoG activity might depend on the microtubule network. We thus examined the effect of the microtubule-depolymerizing drug nocodazole on GFPRhoGV12-expressing REF-52 cells ( Figure 9A ). Cells treated for 30 min with nocodazole showed a nearly complete disappearance of the microtubule network (compare panels f and b). During the same time, we observed a reversal of the altered cell morphology (compare panels e-h with panels a-d) as well as a relocalization of the RhoG protein, with a concentration in the perinuclear region and a loss at the plasma membrane (arrows in a). The distribution of the RhoGV12 protein in nocodazole-treated cells was similar to that of RhoGN17 (see Figure 1 , panels e and f). In addition, the level of stress fibers in all examined GFP-RhoGV12-expressing cells was restored to that observed in untransfected cells (panel h). This inhibitory effect was restricted to RhoG, since cytoskeletal reorganization was not impaired in Rac1V12-and Cdc42HsV12-expressing cells similarly treated. Upon removal of nocodazole and recovery of 60 min (panels i-l), a microtubule network identical to that detected in control cells (panel j) was observed. Similarly, RhoGV12-transfected cells resumed the same altered morphology as in panels a-d, and local accumulation of GFP-RhoGV12 was again detected at the plasma membrane (panels i and k). F-actin staining showed the presence of lamellipodia as well as a loss of stress fibers (panel l). To ascertain that endogenous Rac1 and Cdc42Hs could still be activated in nocodazole-treated cells, Swiss 3T3 cells were treated for 60 min with nocodazole ( Figure 9B , panel a) before stimulation with either PDGF (panel b) or bradykinin (panel c). PDGF elicited the formation of lamellipodia whereas bradykinin stimulation elicited the production of filopodial extensions, thereby indicating that endogenous Rac1 and Cdc42Hs proteins could be activated with functional consequences even in the absence of a microtubule network. These data therefore demonstrate that the RhoGV12 protein can translocate to the plasma membrane and activate Rac1-and Cdc42Hs-dependent cytoskeletal reorganization only in the presence of a microtubule network.
DISCUSSION
Numerous studies have implicated Rho family members in the control of actin-containing structures (extensively reviewed by Hall, 1998) . In many cell types, activation of RhoA leads to stress fibers and focal adhesion formation, activation of Rac1 induces lamellipodia, and adhesion complexes, whereas activation of Cdc42Hs promotes the formation of filopodia and adhesion complexes distinct from Rac1. These activities appear tightly coordinated, as exemplified by the regulatory cascade identified in Swiss 3T3 cells, establishing that activation of Cdc42Hs leads to the subsequent activation of Rac1, which in turn activates RhoA (Nobes et al., 1995) . Although most studies have investigated the cellular function of Cdc42Hs, Rac1, and RhoA, the Rho family contains several additional members whose roles in the control of cell morphology have not yet been determined. We previously identified RhoG as a member distantly related to Rac1 and Cdc42Hs (Vincent et al., 1992) , which is encoded by a growth-regulated gene (Le Gallic et al., 1997) . RhoG protein cooperates in a Rac1-dependent manner with Cdc42Hs in focus formation of NIH3T3 cells, suggesting that RhoG might act upstream of Rac1 (Roux et al., 1997) . In this study, we have examined the effects of RhoG expression on the morphology of rat REF-52 and mouse Swiss 3T3 fibroblastic cells as well as the cross-talk among RhoG, Rac1, and Cdc42Hs.
We found that in both cell systems, expression of activated RhoG protein elicited the formation of extensive membrane ruffles and lamellipodia, hallmarks of Rac1 activity, and to a lower extent, filopodial structures, as reported for Cdc42Hs. In addition, expression of activated RhoG, Rac1, and Cdc42Hs induced a decrease in actin stress fibers in 60 -80% of the cells, whereas Cdc42Hs and RhoG expression also triggered the apparition of numerous microvilli onto the dorsal cell membrane. This is the first report that such apical structures, detected by SEM but not by classical Factin immunofluorescence microscopy, are induced by Cdc42Hs. However, formation of similar microvilli have been recently described in RhoA-expressing cells (Shaw et al., 1998) .
To determine the molecular mechanisms underlying the overall morphological effects of RhoG, we used two complementary approaches, based on the use of constitutively active and dominant negative Rho proteins mutants. The activated protein contains a substitution at position 12, resulting in a change from glycine to valine. This mutation is oncogenic in ras genes, and has been shown to decrease the intrinsic GTPase activity of the protein and to make it unresponsive to GTPase-activating proteins (Diekmann et al., 1991) . The resulting protein is therefore preferentially bound to GTP and permanently activates its downstream effectors. A dominant negative protein harboring a substitution at position 17 from threonine to asparagine has decreased affinity for GTP (Feig and Cooper, 1988; . In contrast to the V12 protein, the N17 protein is unable to bind any effector protein, and, in addition, competitively inhibits the interaction of homologous endogenous GTPbinding proteins with their respective exchange factors (GEFs), thereby preventing the normal activation of downstream targets.
In the first approach, we examined the possibility that RhoGV12 might share downstream effectors with Rac1 and Cdc42Hs. However, interaction assays in the yeast two-hybrid system showed that RhoGV12 did not directly interact with either Rac1 or Cdc42Hs targets, including p65 PAK (Manser et al., 1994; Martin et al., 1995; Lim et al., 1996) , WASP, (Aspenstrom et al., 1996; Kolluri et al., 1996; Symons et al., 1996) , POR-1 , and p160 ROCK (Fujisawa et al., 1996; Ishizaki et al., 1996; Leung et al., 1996) . Rac1 and Cdc42Hs targets have been shown to fall into two main classes, according to their binding domain, p65
PAK and WASP harboring a CRIB domain [Cdc42/ Rac interactive binding (Burbelo et al., 1995) ], and p160 ROCK harboring a REM2 domain [Rho effector motif 2 ]. In addition, other targets have been characterized that contain neither CRIB nor REM2 domains and interact with the activated GTPases through specific hydrophobic coiled-coil structures. This type of domain is present in POR-1, a Rac1 target involved in membrane ruffling . Our data in the yeast two-hybrid system suggest that as RhoGV12 does not bind to CRIB, REM2, or POR-1 coiled-coil structures in vitro, it is not likely to be active on most known Rac1 and Cdc42Hs targets.
In the second approach, we directly addressed the requirement of endogenous Rac1 and Cdc42Hs activities by coexpressing T17N dominant negative mutants. In RhoGV12-expressing cells, Rac1N17 inhibited the production of lamellipodia but not filopodia, whereas Cdc42HsN17 prevented the formation of filopodia but not lamellipodia. Conversely, inhibition of endogenous RhoG activity upon expression of RhoGN17 did not modify the ability of Rac1V12 to produce lamellipodia nor Cdc42HsV12 to produce filopodia. This demonstrates that RhoGV12 requires endogenous Rac1 and Cdc42Hs activities to promote the formation of lamellipodia and filopodia, respectively. In addition, RhoG can independently activate Rac1 and Cdc42Hs, since its expression produced Rac1-dependent structures even in the absence of Cdc42Hs activity. However, these data do not exclude the possibility that Cdc42Hs can activate Rac1, as previously demonstrated in Swiss 3T3 cells (Nobes and Hall, 1995) .
Both our approaches therefore support the conclusion that RhoGV12 independently activates Rac1 and Cdc42Hs endogenous activities. The activation takes place even in serum-starved cells, which suggests that RhoG triggers a pathway that specifies the GTP-loading of Rac1 and Cdc42Hs. This could be achieved through the activation of GEFs. Similar examples of GTPase/GEF/GTPase cascades have previously been reported for Ost, a Rac1 effector which promotes nucleotide exchange on Cdc42Hs and RhoA (Horii et al., 1994) , and for Rlf, a Ras and Rap1A effector acting as a GEF on RalA (Wolthuis et al., 1996) . In yeast, the Ras-like GTPase Bud1 has been shown to activate Cdc24, a GEF that in turn activates Cdc42 (Park et al., 1997) . Alternatively, the effects of RhoG might be mediated by molecules other than classical GEFs, such as the lipid phosphatidyl-inositol 4,5-bisphosphate, which stimulates Cdc42Hs, RhoA, Rac1, and Arf activities (Zheng et al., 1996) . In all instances, RhoG activates Rac1 and Cdc42Hs through a pathway independent from PDGF and bradykinin signaling pathways, since in RhoGN17-expressing cells, these agents still elicit the formation of lamellipodia and filopodia, respectively.
Several arguments support the possibility that the specific pathway controlled by RhoG might involve the microtubule network. Endogenous RhoG protein is distributed according to a microtubule-like pattern and only the GTP-bound form can translocate to the plasma membrane. Indeed, distribution of the dominant negative RhoGN17 remained restricted to the perinuclear region and impaired the localization of the endogenous protein to the plasma membrane. Interestingly, disruption of the microtubule network mimicked the inhibitory effect of RhoGN17, preventing the translocation of endogenous RhoG as well as RhoGV12 to the plasma membrane and inhibiting its morphogenic effects. In contrast, microtubule depolymerization did not affect Rac1V12 and Cdc42HsV12 morphogenic activities nor PDGF-and bradykinindependent membrane ruffling and filopodial extensions. Taken together, these data suggest that the translocation of the GTP-bound form of RhoG to the plasma membrane is required to trigger the activation of Rac1 and Cdc42Hs and this translocation is inhibited by disruption of the microtubule network. Two opposite interpretations can be proposed to connect RhoG activity with the microtubule network. First, inhibition of RhoG activity might be an indirect consequence of microtubule depolymerization. Indeed, microtubule breakdown has been reported to elicit pleitropic effects in serum-starved cells, including the rapid assembly of RhoA-dependent focal adhesions and microfilament bundles (Kajstura and BereiterHahn, 1993; Bershadsky et al., 1996; Lloyd et al., 1997; Zhang et al., 1997) . Activation of RhoA following microtubule depolymerization might therefore trigger cell adhesion and contraction which would in turn inhibit RhoG activity. Alternatively, RhoG might use a microtubule-dependent transport to translocate to the plasma membrane and produce its morphogenic effects. Inhibition of RhoG activity in nocodazoletreated cells would therefore be a direct consequence of microtubule depolymerization. This latter model better fits our observations that expression of activated RhoG, Rac1, and Cdc42Hs leads to the disassembly of actin bundles in 60 -70% of untreated cells, in agreement with previous studies on Cdc42Hs (Kozma et al., 1995; Chrzanowska-Wodnicka and Burridge, 1996; Lim et al., 1996) . Accordingly, the RhoA-dependent stress fiber formation observed in nocodazole-treated cells would simply reflect a reversion of the phenotype following inhibition of RhoGV12 activity.
The functional analysis of RhoG targets, as well as the identification of upstream regulating factors will help to elucidate the precise mechanisms by which microtubule depolymerization affects RhoG activity, as well as the nature of the RhoG-controlled pathway that results in Rac1 and Cdc42Hs activation.
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